In this work we utilise the combination of label-free total internal reflection microscopy and total internal reflectance fluorescence (TIRM/TIRF) microscopy to achieve a simultaneous, live imaging of single, label-free colloidal particle endocytosis by individual cells. The TIRM arm of the microscope enables label free imaging of the colloid and cell membrane features, while the TIRF arm images the dynamics of fluorescent-labelled clathrin (protein involved in endocytosis via clathrin pathway), expressed in transfected 3T3 fibroblasts cells. Using a model polymeric colloid and cells with a fluorescently-tagged clathrin endocytosis pathway, we demonstrate that wide field TIRM/TIRF co-imaging enables live visualization of the process of colloidal particle interaction with the labelled cell structure, which is valuable for discerning the membrane events and route of colloid internalization by the cell. We further show that 500 nm diameter model polystyrene colloid associates with clathrin, prior to and during its cellular internalisation. This association is not apparent with larger, 1 µm diameter colloids, indicating an upper particle diameter limit for clathrin-mediated endocytosis.
Introduction
Interactions of a colloidal-size particle with the cellular membrane and the mechanisms of its cellular internalisation and trafficking determine the resultant intracellular distribution of the particle and consequent effects on the cell. This applies to different colloidal particles including those designed for drug delivery purposes, such as polymer-based nanoparticles, 1 dendrimers, 2 polymer-drug conjugates, 3 microparticles 4 and liposomes, 5 or different nano-nanomaterials, such as iron-oxide contrast agents or quantum dots. 6 Some of the first attempts to visualise the sub-cellular structures involved in endocytosis of colloidal particles, such as clathrin coated pits (CCPs), were performed using transmission electron microscopy (TEM). 7 Despite achieving unparalleled resolution, electron microscopy methods provide a static snap-shot on fixed cell specimens, 8 rather than real-time live imaging that would afford deeper understanding on the endocytosis process and pathways involved.
Substantial progress is evident in high-resolution imaging of the endocytic machinery involved in the internalization of colloidal particles by living cells, utilising a number of microscopy techniques including: (i) optical techniques such as differential interference contrast (DIC), or confocal laser scanning microscopy (CLSM) [9] [10] [11] [12] [13] [14] and (ii) scanning probe techniques, such as atomic force microscopy (AFM), 15, 16 near-field scanning optical microscopy (NSOM) 17 and scanning surface confocal microscopy (SSCM) 18 and scanning ion-conductance microscopy (SICM). 19 Currently, the most widely used imaging techniques, such as confocal laser microscopy, allow live imaging of biological specimens, but they require the use of a fluorescent label to mark both cellular structure(s) implicated in the process, as well as the colloidal particle of interest. 12, [20] [21] [22] Stable fluorescent labeling of colloidal particles requires development of an appropriate labeling protocol, 23 determined in each case by the chemistry of the colloid, meaning a bespoke procedure is needed for each system. Furthermore, development of a labeling procedure is not practical for screening a number of different nano-materials/colloids, for instance in cell internalization and toxicity studies. The introduction of a fluorescent label to the colloidal particle may also give rise to additional issues of photobleaching and phototoxicity to the cell, making long-term studies less practical. 24 Evidently, there is a need to develop high-resolution live cell imaging techniques to study nanoparticle-cell or cell-substrate interactions but without the need to fluorescently label the colloid/substrate and/or the cell.
Recently, to address the above issues we introduced a total internal reflection microscope (TIRM) capable of in situ label-free imaging of colloidal particle internalisation by living cells. 25 The penetration depth (decay) of the evanescent field varies with incident angle, ranging from approximately 180 nm when the incident beam is 2 degrees above the critical angle to about 120 nm when the incident beam angle is increased by a further 5 degrees. Similar was previously reported for variable TIRF microscopy. 26 This means that both the TIRM and TIRF imaging fields are localised at the plasma membrane of a cell in contact with the substrate. The lateral resolution of both TIRM and TIRF imaging channels is diffraction limited at close to 200 nm.
We suggest that TIRM would be a 'natural partner' for TIRF because both imaging techniques have comparable lateral resolution, axial localization and field of view (as depicted in Figure 1) as opposed to, for example, TIRF in combination with differential interference contrast (DIC) as another label-free imaging technique. The latter is a powerful combination but the temporal and spatial resolution of DIC was shown to be limited when used in combination with TIRF. 27 TIRM/TIRF is therefore a potentially useful tool in the study of cellular membrane events, such as with colloidal particle interaction, with improved spatial resolution, especially in the axial direction.
In the present work we describe the application of combined TIRM/TIRF microscopy to cloned cells expressing GFP-clathrin to visualize label-free colloidal particles close to the membrane and study their internalization in a living cell. In our experimental set up, the colloid and cell membrane are unlabelled and imaged by the TIRM arm of the microscope, while the endocytic structure of interest, clathrin, is expressed in genetically modified cells conjugated with green fluorescent protein (GFP), which is visualized by TIRF. We demonstrate that the TIRM/TIRF microscope can be used to distinguish the uptake pathways of 500 nm model polymeric colloids in 3T3 fibroblast cells. Indeed, we achieved a direct visualisation of the formation of clathrin coated pits (CCP) around the colloidal particle, prior to internalisation by the cell. 
Materials and Methods

Cell Culture
Scanning electron microscopy (SEM)
For SEM, samples were fixed in 3% glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7. 
Image analysis
For overlaying of TIRM and TIRF video sequences, they were first streamed to a kinetic image disc on a PC (Dell, UK). The images from each channel (TIRM and TIRF) were then imported into ImageJ as an image sequence. 16-bit images were converted to RGB images. The RGB images were false coloured using the look-up table (LUT) function on ImageJ. TIRF images were pseudo-coloured green for EGFP-clathrin and TIRM images underwent an inverse LUT prior to a red LUT being applied. The image sequences were overlayed using the image calculator function in ImageJ and summer where appropriate. The resulting combination image was finally cropped and saved as an Avi file.
Results and discussion
The experimental set up adopted in the present study to perform TIRM/TIRM imaging of cell internalization events occurring at the membrane is illustrated in Figure 1 . The classical experimental model to study cellular endocytosis of colloidal particles involves the addition of a colloid suspension to cells grown on a culture substrate, followed by quantitation of uptake using fluorescence microscopy, flow cytometry, or spectroscopy on digested cells. 9 This model is relatively simple to arrange and has been performed in numerous studies, e.g. 9, 12, [28] [29] [30] . To allow the use of TIRM/TIRF imaging, with the imaging depth in the order of 200 nm in the axial direction from the adherent cell membrane, the colloidal particles were adhered to the surface of a polylysine (PLL) treated coverslip (PLL treatment being a standard cell culture protocol to promote attachment) 31 to which the cells (suspended in culture medium) were subsequently added. The scanning electron microscopy image in Figure 2A shows a cell and polystyrene colloidal particle (2.0 µm) at 30 minutes time point following addition of a cell suspension to substrate adhered colloid. At this stage the cell still possesses spherical morphology, likely due to the relatively short length of time it was exposed to the treated substrate surface, with protrusions of the cell membrane (lamellipodial and filopodia) present. Figure 2B shows cell morphology sixty minutes later in the incubation period, illustrating an advanced stage of the cell-colloidal particle interaction/internalization process. The image illustrates that the cell membrane is beginning to veil over the two particles adhered to the treated surface, suggesting the initial stages of cellular internalisation. These SEM images demonstrate that the experimental setup (as illustrated in In our previous work, which focused on the design of the TIRM/TIRM microscope, we demonstrated that a TIRM arm of the current instrument is per se capable of imaging individual cells and their internalization of label-free sub-micron colloid; further confirmed by confocal microscopy using fluorescently labelled colloid and conventional cell tracker orange-labelling of the cells. 25 However TIRM imaging on its own could not access information on the membrane constituent(s) involved in the cell-colloid interaction and consequently identify which internalization pathway was involved. The present study focuses on the potential of combined TIRM/TIRF microscopy to visualize the events occurring at cellular membrane during endocytosis of a colloidal particle in situ, and to, simultaneously, identify the pathway involved in colloid internalization. To this end, the EGFP-clathrin LCa fusion protein was successfully developed and expressed in murine 3T3 fibroblast cells. A plasmid encoding enhanced GFP was attached to the N-terminus of mouse placental clathrin 'light chain a' (LCa) and the protein expressed. Previously, it has been shown that this type of EGFP-clathrin LCa conjugate is incorporated into structurally and functionally active clathrin trimers and coated pits in cells, and that cells expressing GFP-clathrin were active in receptor-mediated endocytosis. 38 Indeed, this construct has been used successfully by several authors to study the clathrin mediated endocytosis pathway. The mechanism for the image formation of the label-free images is discussed in some detail in references 25 . In essence, we may consider the mechanism to be akin to frustrated total internal reflection. For a uniform object with relative low refractive index, total internal reflection will occur and the image will appear bright and homogeneous since all the light is evenly reflected.
When an object moves into the evanescent field which either scatters or refracts light into propagating light, energy is removed from the incident beam resulting in a reduced intensity of the internally reflected light. The label free mode is thus sensitive to the presence of objects (such as cell membrane) which impinge the evanescent field. In general, the image will appear darker as the cell membrane approaches the surface of the substrate (coverslip). The direction of migration of the cell in Figure 3 (approximately from lower left towards upper right corner of the image) and corresponding distribution of EGFP-clathrin signal, sparsely distributed at the 'lagging side' of the cell and progressively denser towards the 'leading edge', is similar to that previously described for Madine Darby Canine Kidney (MDCK) cells. 42 The denser spatial positioning of clathrin towards the leading edge of the cell was attributed to the processes of exocytosis and endocytosis functioning to adjust membrane tension to facilitate the generation of motile force or internalization of chemokines, cytokines and growth factors. 42 It must be noted that preferential distribution at the leading edge of fibroblasts cells also applies to clathrin-independent carriers, with this polarization playing a critical role during cell migration. Literature reports on studies of a single colloidal particle endocytosis by a single cell, where the mechanism of internalization has been elucidated, to allow a comparison of our data, are rare.
However, from the literature it is evident that the lifetimes of clathrin puncta at the membrane are variable, ranging from seconds to several minutes. [44] [45] [46] Lifetimes in the order of minutes, as we show here, have been reported before. A study using combined TIR and WF fluorescence microscopy to examine formation of clathrin structures tagged with LCa-DsRed showed structures that have a constant fluorescence signal and are relatively long-lived (>200 s) at the adherent surface of Swiss 3T3 cells. 47, 48 Other authors have also reported similar findings, [49] [50] [51] [52] including a study which used a TIR-WF protocol and describes long-lived endocytic clathrin structures, naming them 'clathrin-coated plaques'. 53 The involvement of clathrin-mediated uptake in cellular uptake of 500 nm diameter particles seen here would be above 'size limit' reported previously in murine melanoma cell line B16, as assessed by employing pharmacological inhibitors to determine endocytic route (versus direct visualisation in the present study). The study concluded that caveolae-mediated internalization is predominant pathway of entry for 500 nm particles. 9 In contrast, clathrin-dependent uptake of larger cargoes was demonstrated in studies showing clathrin participation in the cellular entry of L. monocytogenes, other bacteria and large viruses using a so called 'zipper mechanism'. 44, [54] [55] [56] Regarding internalization of 1 µm diameter colloid by a non-clathrin dependent process by 3T3 cells observed here, particles of this diameter were not internalized by B12 cells in the above study, 9 although a recent paradigm shift on the role of clathrin in internalization of large cargos (particularly pathogenic bacteria and large viruses) suggests that clathrin-mediated endocytosis machinery may be acting in a form of 'planar clathrin lattices' of membrane domains, although this is still poorly characterized. 57 Our study indicates that in 3T3 cells, internalization of 1 µm polystyrene colloid can occur, although the process does not appear to be mediated by clathrin machinery.
Conclusions
In summary, we have developed a novel experimental tool to directly visualise the initial stages of single colloidal particle internalization in a living cell. This methodology is particularly powerful as it does not require either the colloidal particle system (e.g. drug delivery carrier) or the cell structures to be labelled to enable live visualization. Furthermore, we illustrate that through the use of cloned cells expressing specifically fluorescently tagged endocytic proteins, this technology enables elucidation of the endocytic pathway for particular colloid systems by combined TIRF/TIRM. We demonstrate the application of TIRM/TIRF technology developed by
showing the co-localization of GFP-clathrin with 500 nm colloidal particles and their subsequent internalization into the cell, indicating a clathrin mediated route of endocytosis. We also show a lack of such co-localization for larger 1 µm colloid, suggesting that the cellular internalization in this case does not occur via the clathrin pathway.
